Glucose-regulated protein 94 (GRP94) is an endoplasmic reticulum (ER) chaperone for which only few client proteins and no cofactors are known and whose mode of action is unclear. To decipher the mode of GRP94 action in vivo, we exploited our finding that GRP94 is necessary for the production of insulin-like growth factor (IGF)-II and developed a cell-based functional assay. Grp94 ؊/؊ cells are hypersensitive to serum withdrawal and die. This phenotype can be complemented either with exogenous IGF-II or by expression of functional GRP94. Fusion proteins of GRP94 with monomeric GFP (mGFP) or mCherry also rescue the viability of transiently transfected, GRP94-deficient cells, demonstrating that the fusion proteins are functional. Because these constructs enable direct visualization of chaperone-expressing cells, we used this survival assay to assess the activities of GRP94 mutants that are defective in specific biochemical functions in vitro. Mutations that abolish binding of adenosine nucleotides cannot support growth in serumfree medium. Similarly, mutations of residues needed for ATP hydrolysis also render GRP94 partially or completely nonfunctional. In contrast, an N-terminal domain mutant that cannot bind peptides still supports cell survival. Thus the peptide binding activity in vitro can be uncoupled from the chaperone activity toward IGF in vivo. This mutational analysis suggests that the ATPase activity of GRP94 is essential for chaperone activity in vivo and that the essential protein-binding domain of GRP94 is distinct from the N-terminal domain.
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endoplasmic reticulum ͉ peptide hormones ͉ protein folding T he endoplasmic reticulum (ER) chaperone glucoseregulated protein 94 (GRP94) is structurally homologous to other members of the heat shock proteins 90 (HSP90) family that reside in the cytosol or in mitochondria. GRP94 contains four domains: the N-terminal (N) domain contains a nucleotide binding site (1, 2) , a peptide binding site (3, 4) , and unmapped sites responsible for interaction with dendritic cells during antigen presentation (5) . The second domain, as in HSP90, is a charged linker between the N and middle (M) domains, but it is longer in all GRP94s and functionally important for binding of both nucleotide and calcium (6, 7) . The middle domain interacts with the N-terminal domain (28) and the C-terminal domain mediates the dimerization of GRP94 (8) , and ER localization via the C-terminal KDEL peptide.
In contrast to most other ER chaperones, GRP94's function has long remained enigmatic. First, despite being one of the most abundant ER chaperones (9) , only a handful of proteins have been demonstrated to be clients of GRP94, including immunoglobulins (10), some integrins (11) , some Toll-like receptors (12) , plant CLAVATA proteins (13) and, recently, insulin-like growth factor II (IGF-II) (14) . This is a surprisingly small number of clients relative to other general chaperones and considering the high expression levels of GRP94. Furthermore, the known clients bear no obvious structural similarities to each other, highlighting the unknown nature of GRP94's recognition mechanism. Second, the N-terminal nucleotide binding site of GRP94 is targeted by specific inhibitors, geldanamycin and radicicol that also bind to the homologous site in HSP90, and by a nucleotide analog, NECA, whose binding is specific for GRP94 (15, 16) . However, whereas HSP90 function is intimately linked to ATP binding and hydrolysis, as shown by yeast growth assays (17, 18) and by in vitro tests (19) (20) (21) , the role of ATP hydrolysis in the action cycle of GRP94 has so far not been explored. GRP94 clearly binds adenosine nucleotides in vitro (22) , but the low ATPase activity reported by Li and Srivastava (23) has been controversial (6, 15, 24) . Only recently has the ATPase activity of purified GRP94 been reliably measured (25, 26) . These studies demonstrate that the conservation of amino acids involved in ATP binding and hydrolysis between HSP90 and GRP94 is the result of a similar, but not identical mechanism of nucleotide utilization in vitro.
The third enigmatic aspect of GRP94 is the absence of reported cochaperones, which contrasts with the many proteins that modulate the activities of the cytosolic Hsp90 chaperones. For example, proteins from the p23 family facilitate the release of peptides from Hsp90 (27) (28) (29) and another cochaperone, Aha-1, stimulates Hsp90 ATPase activity (27) . No ER homologs have been identified for GRP94. The C-terminal peptide of HSP90, EEVD, which binds tetratricopeptide repeat proteins (30, 31) , is distinct from the C terminus of GRP94, KDEL, which serves as an ER localization signal. The lack of cochaperones raises questions regarding the mechanism of regulating binding and release of client proteins from GRP94 in vivo.
Fourth, GRP94 is absent from most unicellular organisms (except the parasite Leishmania) and thus does not exist in the genetically amenable yeast that has been so instructive in deciphering the mode of action of Hsp90. It is no surprise, therefore, that the functional significance and the mode of action of GRP94 have been difficult to elucidate. Even the RNAi approach used in Caenorhabditis elegans (WormBase, release WS179) has not been incisive so far, because although knockdown of GRP94 expression causes larval arrest and showed that GRP94 is essential, this system is not readily amenable to scoring the phenotype of site-directed mutants.
To better understand how GRP94 functions, we devised a cellular assay that measures physiologically significant structureϪfunction relationships, akin to the use of yeast for assessing mutants in HSP90. This cell-based assay reports on active GRP94 and measures the relative activity of mutants. We use this assay to show that ATP binding and hydrolysis are essential for the function of GRP94 in the cell, while the peptide-binding site in the N-terminal domain of GRP94 that is central to the immunological activity is not essential for the chaperone function measured in vivo.
removal, and undergo rapid apoptosis (14, 32) . Unlike GRP94-containing cells (WT), grp94 Ϫ/Ϫ (KO) ES cells cannot respond to the stress by producing the growth factor IGF-II (14) . The requirement for GRP94 is explained by a transient interaction of the chaperone with biosynthetic intermediate(s) of pro-IGF-II, without which the mature hormone is not produced and the intermediate is targeted to ER-associated degradation (14) . The difference between grp94 ϩ/ϩ and grp94 Ϫ/Ϫ cells was used to devise a 96-well plate assay that measures cell viability after the shift to low serum medium (Fig. 1A) . The half-life of grp94 Ϫ/Ϫ cells under these conditions was Ͻ12 h, whereas wild-type cells showed only marginal reduction in viability.
When wild-type cells were treated with 5 M radicicol (Fig. 1C ) or 17AAG (data not shown), the 2 pan-HSP90 inhibitors, cell viability was reduced to the level of grp94 Ϫ/Ϫ cells. Treatment of grp94 Ϫ/Ϫ cells with these inhibitors did not accelerate their apoptosis significantly. These observations suggest that GRP94 is targeted by these inhibitors in vivo.
Stable cell lines derived from the grp94 Ϫ/Ϫ cells, in which GRP94 was reexpressed at near endogenous levels (Fig. 1B) , showed survival similar to grp94 ϩ/ϩ cells (Fig. 1 A) . They also displayed similar sensitivity to radicicol or 17AAG (data not shown). We conclude that the hypersensitivity of knockout cells to serum withdrawal results directly from the absence of functional GRP94. Previously (14), we identified a growth factor whose secretion requires the activity of GRP94: insulin-like growth factor II. Indeed, supplying exogenous IGF-II rescued knockout cell survival in serum-free medium in dose-dependent fashion ( Fig. 1 D and E) . This result verified that the underlying cause for the hypersensitivity of knockout cells is inability to secrete IGF-II in the absence of GRP94. Exogenous IGF-I was just as effective as IGF-II (14), consistent with the shared receptor and signaling pathway for these 2 growth factors.
To develop complementation of cell viability as a test of the functionality of various GRP94 mutants, we used transiently transfected cells. However, the mediocre transfection efficiency of grp94 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) (10-30%, see Fig.  3 ) meant that a majority of cells in each culture died when serum was removed, complicating accurate assessment of complementation. To circumvent this difficulty, we engineered fluorescent reporters for transfected grp94 Ϫ/Ϫ MEFs. Monomeric GFP (mGFP) or mCherry were fused in frame after codon 778 of canine GRP94 cDNA and the ER retrieval tetrapeptide KDEL was added to the C terminus of the fusion protein, for correct subcellular localization ( Fig. 2A ). When expressed in grp94 Ϫ/Ϫ cells, GRP94-mCherry displayed the expected reticular distribution, including both the nuclear envelope and the peripheral ER ( Fig. 2B ) and colocalized with the ER marker, ER-GFP. As seen in Fig. 2B , there was a very high degree of colocalization between the two (yellow color). To further characterize the fusion protein, we expressed GRP94-mCherry stably in C2C12 cells and determined the level of expression and dimerization status by size exclusion chromatography followed by gel electrophoresis and immunoblotting. C2C12 was chosen as a host that expresses endogenous GRP94 for comparison, because stable MEF lines expressing GRP94-mCherry could not be obtained. As shown in Fig. 2C , the endogenous GRP94 migrated as a dimer, as expected (8) . The major peak of GRP94-mCherry migrated as a slightly larger dimer, consistent with its being approximately 60 kDa larger than the endogenous protein.
No monomeric species was observed for either the endogenous GRP94 or the fusion protein. The ability of the GRP94 fusion proteins to heterodimerize with endogenous GRP94 is currently under investigation. In addition, a minor peak of the fusion protein migrated as a species 700 kDa or larger (although clearly included in the column), possibly representing microaggregates (Fig. 2C) . The total level of expression of GRP94-mCherry was one-sixth of that of the endogenous GRP94. We conclude that the GRP94-mCherry and, presumably also GRP94-mGFP, are mostly dimeric, like the endogenous protein, and are properly expressed in the cell. The expression of the GRP94-mGFP fusion protein allowed direct visualization of transiently expressing cells and thus obviated the difficulty of scoring viability of a mixed cell population. In cultures transfected with GRP94-mGFP and then shifted to serum-free medium, there was preferential survival of fluorescent cells as the nontransfected cells died, and after 48 h, all of the surviving cells expressed GRP94-mGFP ( Fig. 3 A and B) . The preferential survival of GRP94-expressing cells was also demonstrated by coexpression of cytosolic GFP alongside GRP94-mCherry. As shown in Fig. 3C , survival of red cells was much better than that of green (GFPtransfected) cells. When doubly transfected cells were scored, their survival matched that of GRP94-mCherry-expressing cells and not that of cells expressing cytosolic GFP (Fig. 3C) . We conclude that GRP94-mGFP and GRP94-mCherry are each functional and complement the inability of grp94 Ϫ/Ϫ cells to respond to serum deprivation. Addition of exogenous IGF-II rescued the survival of transfected cells in the absence of serum ( Fig. 1 D and E) , suggesting that the underlying cause for the cell death is inability to secrete IGF-II in the absence of GRP94 (see also Table 1 ).
The main reason that even fluorescent-GRP94-containing cells die during this assay is decreased expression of the fusion protein with time. The average intensity of fluorescent cells 24 h after the shift to serum-free medium was only 31% of the average fluorescence immediately after the shift (which was typically done 18-20 h after initiating the transfection) (Fig. 3D) . Placing the GRP94 gene under the control of the E1␣ promoter, which is more efficient in MEF than the CMV promoter, gave rise to higher and more persistent expression of the chimeric proteins, but only improved the survival of wild-type cells by about 12 h (data not shown).
We used the ability of GRP94-fluorescent proteins to improve the survival of serum-deprived grp94 Ϫ/Ϫ cells to perform structurefunction analysis, by testing the ability of various GRP94 mutants to rescue viability. To construct a nonfunctional chaperone as a negative control, we deleted amino acids 144-488 in frame (⌬K-mGFP). This construct removes part of the N-terminal domain, all of the charged linker domain, and much of the middle domain and therefore was expected to ablate the chaperone function of GRP94. As shown in Fig. 4A , the ⌬K mutant indeed could not rescue cell viability. Under all conditions tested and in all experiments (n Ͼ 20), the viability of ⌬K-mGFP-expressing cells was no better than nontransfected cells and was 2-to 3-fold worse than the viability of cells expressing wild-type GRP94-mGFP ( Fig. 4A and Table 2 ). When the secretion of IGF-II was measured directly, MEF cells expressing either endogenous or transfected GRP94 responded to serum deprivation by secreting the hormone. On the other hand, grp94 Ϫ/Ϫ cells stably expressing the ⌬K-mGFP protein secreted undetectable levels of IGF-II (Table 1) . Furthermore, when exogenous IGF-II was added to the cells in serum-free medium, survival of cells expressing both wild-type GRP94-mGFP and ⌬K-mGFP was improved in dose-dependent fashion, and the difference in their survival was abolished, confirming again that the main underlying mechanism is the ability of GRP94 to support endogenous IGF production (data not shown).
One of the major mechanistic questions about GRP94 is the role of ATP in its action cycle. To address this question, we initially used the mutant D128N-G132A, containing 2 substitutions in the nucleotide-binding pocket of GRP94 (16) . When tested as a recombinant protein in vitro, D128N-G132A fails to bind ATP or the nucleotide site inhibitors radicicol and geldanamycin, but is still active in peptide binding (4) . When tested as an mGFP fusion protein, D128N-G132A was inefficient in supporting cell survival, although it was still marginally better than the global mutant ⌬K (Table 2) . To confirm this effect we also prepared the single point mutant D128N and showed that it also was inefficient in rescuing grp94 Ϫ/Ϫ cells from serum deprivation, even if at early time points (up to 18 h) D128N consistently showed intermediate survival between ⌬K and WT GRP94 ( Fig. 4B; Table 2 ). We conclude from the comparison of activities in vitro and in vivo that the nucleotide/ inhibitor-binding site of GRP94 is important for the chaperone activity assayed here in cells. Residue D128 is homologous to D79, a conserved residue in all cytoplasmic Hsp90s. D79 is essential for nucleotide binding by Hsp90, and the D79N Hsp90 cannot support yeast growth (17) . Thus, our data show a conserved need for nucleotide binding in vivo across all Hsp90 family members.
We next investigated the role of ATP hydrolysis in the activity of GRP94. Structure analysis methods, including x-ray crystallography, mass spectrometry, and optical techniques show that the ATPand ADP-bound forms of GRP94 have equivalent conformations (15, 33, 34 ). Yet, most attempts to measure significant ATP hydrolysis by purified GRP94 have failed (22, 24) . Nonetheless, all of the amino acids that are involved in ATP hydrolysis in other members of the family are conserved precisely in all GRP94s from lower and higher eukaryotes, including plants. Therefore, we systematically tested the importance of specific conserved amino acids for GRP94 function. First, we investigated the importance of Glu-82, the homolog of Glu-33 in HSP90 that contacts the ␥ phosphate of ATP and is essential for ATP hydrolysis by HSP90 in vitro and in yeast (17, 18, 29, 35, 36) . Recently, this conserved amino acid was shown to be essential for the ATPase activity measured for recombinant GRP94 (25) . When Glu-82 was mutated to alanine and tested in the IGF-dependent cell survival assay, E82A was incapable of supporting cell survival during serum withdrawal (Fig.  4C) , similar to the ATP-nonbinding mutants. These data strongly suggest that ATP hydrolysis is important for GRP94 function in cells.
Proteins of the GHKL family have an unusual split ATPase structure, where residues that are needed for nucleotide hydrolysis Yellow, the N-terminal domain of GRP94; green, the charged linker; purple, the M domain; blue, the Cterminal domain; red, monomeric green fluorescence protein (mGFP) or monomeric cherry fluorescence protein (mCherry); brown, the N-terminal leader sequence and the C-terminal KDEL ER targeting signal. The amino acids boundaries of the domains are indicated by the numbers beneath the scheme, as are the putative functional attributes of the domains. (B) Fluorescence image of a grp94 Ϫ/Ϫ cell coexpressing GRP94-mCherry together with the ER marker GFP-KDEL. Note the reticular staining, characteristic of the ER. (C) Detergent lysate of a C2C12 clone expressing GRP94-mCherry (3.4 mg total protein) was fractionated on a Sephacryl S-300 size exclusion column. Every third fraction was analyzed by reducing SDS/PAGE (fraction numbers are indicated above each lane) and immunoblotted with monoclonal anti-GRP94 antibody to detect the endogenous and fusion proteins simultaneously. Recombinant GRP94 was loaded on lanes 1 and 2 (21 and 7 ng, respectively) to serve as loading and size standards. The excluded volume, V 0 , was measured with blue dextran and the size markers were thyroglobulin (670 kDa), IgG (150 kDa) and ovalbumin (43 kDa). Their migration is indicated beneath the gel. reside in both the N and M domains and contact the bound nucleotide across the N/M domains interface. In the middle domain of Hsp90, residues R380 and Q384 are essential for ATP hydrolysis in vitro because they are involved in positioning the ␥ phosphate for hydrolysis (36) . When tested in yeast cells, these Hsp90 mutants fail to support growth (36) , consistent with the importance of ATP hydrolysis. We assessed the roles of the homologous amino acids, R427 and Q431, in the M domain of GRP94. When alanine mutants of each of these residues were tested in grp94 Ϫ/Ϫ cells, each displayed an intermediate activity between the wild-type GRP94-mGFP and ⌬K-mGFP (Fig. 4D and Table 2 ). The partial rescue phenotype was observed, even when the double mutant R427A-Q431A was tested (data not shown). Thus, these catalytic loop residues are not essential in vivo and reflect the ATPase activity in vitro (25) . We posit the existence of a cellular factor(s), which partly compensates for R427A, but not for E82A. We were unable to determine whether the partial rescue of viability correlated with intermediate levels of IGF-II secretion, because the transient expression conditions did not yield sufficient levels of IGF-II for robust measurements.
These in vivo results are best understood in light of the structural data (25) and enzymatic analysis of GRP94 (26) . Both studies demonstrated that recombinant GRP94 does, in fact, possess ATPase activity, no slower than that of human HSP90␤, and that this activity is inhibited by radicicol. Dollins et al. (25) abolished the ATPase activity by substituting Glu-82 with Ala. In addition, R427A retained only 15% of the ATPase activity in vitro even though R427 is not adjacent to the bound nucleotide in the crystal structure. Using the same mutants in cells, we observed that ATP hydrolysis is important for the chaperone activity of GRP94. We hypothesize that even partial ATPase activity is sufficient in vivo, perhaps because the slow hydrolytic activity is augmented in cells by interaction with factors that enhance and regulate it, analogous to Aha-1, which enhances the ATPase activity of HSP90 200-fold (27, 37) . Such a hypothetical factor would act to rotate the catalytic loop and better position it, leading to a higher rate of hydrolysis. A prediction of this hypothesis is that under conditions of diminished ATP supply to the ER, the chaperone activity of GRP94 may be inhibited and therefore the production of IGF under such conditions should be reduced.
Adjacent to the catalytic loop of Hsp90 there is a small cluster of hydrophobic residues centered on Val-348-Phe-349 (36) . The side chains of these residues are postulated to contact residues in the N-terminal domain that are exposed upon nucleotide binding and position the catalytic loop residues near the critical glutamate residue (E82 in GRP94) (36) . The F349Q substitution in HSP90 lowers ATP hydrolysis in vitro and results in a growth defect in vivo (36) . We tested the analogous mutation in GRP94, F396Q. Surprisingly, this mutant exhibited only a mild phenotype and was able to support cell survival reasonably well (Fig. 4D and Table 2 ). In light of the different phenotypes for the analogous HSP90 mutants when tested in yeast, we hypothesize the equivalent catalytic loop and hydrophobic patch mutations in the M domain still allow partial nucleotide hydrolysis in GRP94 in vivo.
A different in vivo activity long associated with GRP94 is its ability to boost T cell responses, by providing a route for presentation of peptides to the T cell receptor (38) . We showed previously that the portion of GRP94 relevant for this activity is the N-terminal and charged linker domains that comprise a peptide-binding domain (5) . The ␤ sheet of the N-terminal domain is a peptide-binding site and His-125, within this sheet, is essential for peptide binding in vitro (3, 4) . His-125 contacts the bound peptide and substitution with aspartate abolished peptide binding (4) . Peptide binding to this N-terminal site is also inhibited when the nucleotide pocket at the other lobe of the N-terminal domain is occupied by radicicol or geldanamycin (8) . Because the peptide-binding site in vitro is also the protein-binding site in vivo in most chaperones, we tested whether the mutant H125D supports growth of grp94 Ϫ/Ϫ cells under the serum deprivation stress. Unexpectedly, the in vivo results dramatically ran contrary to prediction. As shown in Fig. 4C , H125D rescues cell survival almost as efficiently as wild-type GRP94 (Table 2) . Thus, the peptide-binding site in the N-terminal domain, whose activity is measured by binding to the purified chaperone, is not essential for GRP94's function measured in this cell-based assay. Rather than using the ␤ sheet site in the Nterminal domain to bind client proteins in vivo, GRP94 must employ another domain for pro-IGF interactions. The various crystal structures of GRP94 and Hsp90 do not ascribe a clear function to the N-terminal ␤ sheet. For example, there is no obvious conformational change in the ␤ sheet when apo-GRP94 and nucleotide-bound GRP94 are compared (16, 25, 39 ). Yet, indirect biophysical evidence suggests that the ␤ sheet binding site is regulated by both the nucleotide-binding site in the N-terminal domain and by the charged domain that links the N and the M domains (3, 7) . Possibly, the peptide-binding site is used in vivo for binding a regulatory protein, which is yet to be identified.
It is important to note that the mutants do not rescue viability to different extents simply because of different levels of expression. All of the mutants are expressed at equivalent levels, and in fact, ⌬K, which does not rescue at all, is consistently expressed somewhat better than WT or the mutants that do rescue viability (Table S1 ). An additional potential explanation for the variable rescue ability is that the effective cellular pools of mutants vary because of differential misfolding/aggregation of mutants. To investigate this possibility, we measured the mobility of GRP94 mutants in the ER, using fluorescence recovery after photobleaching (FRAP) experiments. Because of increases in size, aggregated proteins exhibit little or no diffusional mobility (e.g., refs. 40, 41). All of the versions of GRP94 used here behaved as soluble proteins that readily diffuse into photobleached regions of the ER (Fig. S1 A) . We saw no evidence of aggregation, which would have been discerned as an immobile fraction of molecules, nor for any subcompartmentalization of mutants within the ER (data not shown). The D values for wild-type GRP94, the inactive E82A mutant, or the active H125D protein were rather similar, although the diffusion of H125D was statistically slower than that of wild type. Only the ⌬K mutant exhibited considerably faster diffusional mobility. All of the GRP94 versions were considerably slower than an inert ER luminal marker, ER-GFP (Fig. S1B) . The lack of correlation of D values with rescue of viability supports the interpretation that the differential rescue ability of point mutants in our assay are the result of differential activity and not of expression differences or misfolding. The FRAP data are consistent with engagement of GRP94 mutants in distinct protein-protein interactions, whose natures, and sensitivity to ER stress conditions, such as serum withdrawal, are currently being pursued. 5 . Physical association of GRP94 mutants with pro-IGF. Pro-IGF-II tagged with FLAG was expressed in 293T cells together with either wild-type GRP94-GFP or the H125D, E82A, or ⌬K mutants of the fusion protein. Detergent lysates were immunoprecipitated using anti-FLAG. Fifty percent of the eluted material, 10% of the antibody-unbound material, and 5% of the input material were resolved on the same SDS gel. The top half of the gel was probed with 9G10 anti-GRP94, or with anti-GFP, as indicated. The bottom half of the gel was probed with anti-FLAG. The unbound fraction indicates the efficiency of immunodepletion of the total cell lysate. *, denotes the migration of GRP94-GFP. ⌬K serves as specificity control in this experiment, because the epitope for the anti-GRP94 monoclonal is deleted in this construct and it is only detectable with anti-GFP antibodies. n ϭ 2. The survival index was calculated at the time point within each experiment where survival of the ⌬K transfected cells was one-third the value of the WT-transfected cells. This normalized the activity of each GRP94 mutant with reference to these 2 internal controls and accounted for the time axis variability of survival curves from experiment to experiment.
To determine whether the survival promoting activity of GRP94 is the result of physical interaction with pro-IGF-II, we tested whether GRP94 associates with pro-IGF-II by immunoprecipitation experiments. Cells (293T) were transfected with both FLAGtagged pro-IGF-II and either WT GRP94-GFP, H125D-GFP, or E82A-GFP. After immunoisolation on anti-FLAG beads, the coprecipitated proteins were probed with monoclonal anti-GRP94. As shown in Fig. 5 , the endogenous GRP94 (100-kDa band) was associated with the tagged pro-IGF-II in all cases. The 2 forms of GRP94-GFP, which rescued viability, WT-and H125D-GFP, also coassociated with pro-IGF-II and were distinguished from endogenous GRP94 by their higher apparent size. On the other hand, E82A-GFP, which did not support viability, did not coimmunoprecipitate with pro-IGF-II (Fig. 5) . This result provides further evidence that the functional readout directly reflects chaperone activity toward IGF-II.
In conclusion, we describe an assay predicated on making cells dependent on the function of GRP94, as a prerequisite for production and secretion of IGF, which is necessary for survival under some stress conditions. Enabling this assay is a fluorescent fusion protein of GRP94, which is active and thus allows assessment of functional complementation on a cell-by-cell basis. Using this assay, we have uncoupled the immunological activity of GRP94 from its IGF chaperone activity and show that ATP binding and hydrolysis are essential for chaperone activity in cells. These findings resolve long-standing questions about this ubiquitous ER chaperone and indicate that GRP94 uses an action cycle similar to that of the cytosolic and bacterial HSP90s. Our finding concerning the putative GRP94 peptide-binding domain requires a new investigation to define how GRP94 binds its client proteins.
Materials and Methods
Plasmids. The cDNA for canine GRP94 was cloned into pCDNA3.1 and fused after codon 777 to monomeric Green or Cherry fluorescent proteins [mGFP (42) or mCherry (43)] followed by a KDEL C-terminal sequence. Site-directed mutagenesis was performed by the QuikChange method (Stratagene). The ⌬K-mGFP mutant was constructed by in-frame deletion of residues 144 -488.
Cells and Transfections. The line 14.1 is a grp94 Ϫ/Ϫ mouse embryonic fibroblast (32) . The cells were transfected on fibronectin-coated 35-mm glass bottom culture dishes (MatTek). Twenty hours later, the cells were scored microscopically; the plates were washed and incubated in serum-free medium. Cell numbers were scored at intervals of 4 -10 h for the next 2 days.
Quantitation of Cell Survival. Because of the inherent variability in the time course of cell survival, each experiment included both WT-mGFP and the ⌬K-mGFP mutant, to serve as positive and negative controls, respectively. The time after the shift to serum-free medium when only 50% of the cells survived (T 1/2) was estimated from each survival curve and the survival because of mutant clone expression was compared to that of the wild-type GRP94 within each experiment.
For further information, see SI Materials and Methods.
